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(7) ABSTRACT

A method of predicting optimal injection molding cycle time
includes the steps of performing a thermal analysis through
a thickness of a part made using an injection mold, calcu-
lating shrinkage as a function of cooling time, calculating
friction forces between the part and mold, calculating ejec-
tion forces based on the coefficient of friction and the
calculated shrinkage calculating the induced stress in
selected high stress areas on the part, and comparing the
induced stress with material yield stress to determine an
optimal cycle time window within which the part can be
ejected without being damaged.
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METHOD OF PREDICTING OPTIMAL
INJECTION MOLDING CYCLE TIME

BACKGROUND OF THE INVENTION

This invention relates to injection molding and, more
particularly, to a method of predicting optimal injection
molding cycle time.

Injection molding of parts made of thermoplastic material
generally has three main phases: first, injection of material
into the mold; second, packing and cooling of the material
in the mold in forming the desired part, and third, ejection
of the molded part from the mold. The molding cycle time
is commonly referred to as the duration of time from the start
of the injection phase to initiation of the ejection phase.

Ability to accurately predict molding cycle time is of
paramount importance in injection molding, since it relates
directly to the production rate and part quality. When cycle
time exceeds the desired range, the production rate will be
compromised. In some instances, due to excessively
increased friction force, the part may exhibit brittle failure
during ejection. Another possible situation is that the ejector
pins can be damaged because the friction force exceeds the
maximum ejection force that the machine can provide
through the ejectors. If the part is ejected too early, only a
thin layer of polymer is solidified and ejection may cause the
part to be deformed permanently, which generally leads to
surface defects. For most injection molders, cycle time is
estimated through molding trials, which are very costly and
time consuming. In testing a new material, it is even more
difficult to determine a proper cycle time range due to lack
of knowledge of the material behavior.

One prior art approach (used in research reported by: Yu
et al. in Polymer Eng. & Sci., Vol. 32, pp 191, 1992; Dowler
et al. in Plastics Fngineering, June, 1997, pp 29; and Yang
et al. in Polymer Technology, Vol. 15, pp 289, 1996) to
predicting cycle time is based on a simple thermal analysis
across the thickness of the part. Heat Deflection
Temperature, known as HDT, is used as the ejection
criterion, and the cooling period in which the part is cooled
to the ejection temperature is considered as the cycle time.
The concept implied in this prior art approach is that the part
reaches maximum stiffness when it is completely solidified,
and it is presumed that no damage will occur if the part is
ejected thereafter. Such approach provides good represen-
tation of the part stiffness increase as cooling takes place and
it is generally accepted as a quick estimate for cycle time in
pre-design phases.

This prior art approach has several drawbacks. First, since
the part has non-uniform temperature through its thickness,
it is nontrivial to define a cycle time based on a single
temperature such as HDT. Either the maximum temperature
or averaged temperature might be compared with the ejec-
tion temperature. For semi-crystalline materials, it is well
known that HDT is not suited to represent the polymer
transition from the liquid to the solid phase. Using HDT as
the ejection criterion becomes ambiguous and yields unre-
alistic prediction of cycle time. Second, the most important
requirement for determining molding cycle time is that the
part be ejected without damage, e.g., no permanent defor-
mation such as visible marks, part brittle failure, etc. This
prior art approach considers only the cooling aspect of the
injection molding process and therefore cannot account for
the processing conditions which have significant effects on
stress generated by ejection, as well as on cycle time. For
instance, the packing pressure plays an important role in
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2

determining optimal cycle time. Effective packing will
facilitate the ejection in reducing friction force between
plastics and steel molds and potentially reduce the cycle
time. Third, this prior art approach always predicts cycle
time regardless of the ejector pin layout and part geometry.
Poor design of ejector pin sizes and locations can often lead
to high stress in certain areas of the part that exceed the
polymer yield stress. Therefore, permanent deformation
such as pin push marks and part failure can occur when
ejection takes place even if the part is cooled to the ejection
temperature.

Another prior art approach (employed in research
reported by Lai et al. in ANTEC 94, SPE, pp 733, 1994) uses
a stiffness criterion instead of ejection temperature. This
prior art approach suggests that the part can be ejected even
if it is only partially solidified. By doing so, the cycle time
is reduced. Since the part stiffness, which is solely dependent
on temperature, does not relate to processing conditions, part
design or pin layout, the stiffness approach has the same
drawbacks as the ejection temperature approach. Other
related research is reported by: Park et al in Polymer Eng. &
Sci., Vol. 38, pp 1450, 1998; Briscoe et al. in Powder
Technology 99, pp 228, 1998; Aoyama et al. inJ. of Japan
Light Metals, Vol. 43, pp 275, 1993; and Wang et al. inJ. of
Computer Appl. In Technology, Vol. 9, pp 211, 1996.

Consequently, need still exists for an innovation which
will is overcome the drawbacks of the prior art approaches
and provide an effective approach to prediction of optimal
molding cycle time.

BRIEF SUMMARY OF THE INVENTION

In a preferred embodiment of the invention, an optimal
injection molding cycle time prediction method, designed to
satisty the aforementioned need, is provided. In this method,
the injection molding cycle time is defined as the time
duration from the end of the injection phase to initiation of
the part ejection phase, since a large portion (more than
75%) of the cycle time is composed of the packing and
cooling phase. The injection time, mainly determined by the
part size and machine capacity, represents only a small
portion (less than 10%) of the total cycle time.
Consequently, only the packing and cooling phase is con-
sidered and the temperature at the end of the injection phase
is assumed to be uniform over the entire part for sake of
simplicity.

To overcome the drawbacks of the prior art approaches, a
preferred embodiment of the invention uses the material
yield stress as the criterion for ejection and provides an
integrated approach which includes calculating the stress, at
different cooling times, in the selected critical areas which
represent the highest stress regions in the part. Since the
stress at ejection is governed by the combined effects of
processing conditions, material properties and part/pin
design, this integrated approach links thermal analysis,
shrinkage and friction calculations. Analysis is performed
over a wide range of the cooling times until the entire
thickness reaches the mold temperature. Finally, the pre-
dicted stress traces are compared to the yield stress of the
polymer to determine (1) if the part can be ejected without
damage, and (2) if (1) is true, the upper and lower limits of
the cycle time based on the interception points between
induced stress and yield stress curves. Thus, instead of using
cooling analysis to predict cycle time, the invention uses an
integrated methodology to assess the dependency of cycle
time on material properties, processing conditions and part/
pin design.
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In a preferred embodiment of the invention, a method of
predicting optimal injection molding cycle time comprises
the steps of: performing a thermal analysis through a thick-
ness of a part made using an injection mold; calculating
shrinkage as a function of cooling time; calculating friction
force between the part and mold; calculating ejection forces
based on the coefficient of friction and the earlier calculated
shrinkage amount; selecting high stress areas in the part and
calculating induced stress in such areas; and comparing the
induced stress with material yield stress to determine an
optimal cycle time window during which the part can be
ejected without being damaged.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of an injection
molding operation in an injection phase thereof.

FIG. 2 is a schematic representation similar to FIG. 1 but
showing the operation in an ejection phase thereof.

FIG. 3 is a schematic representation similar to FIG. 2 but
indicating the forces exerted on the part at ejection.

FIGS. 4 to 6 are graphs of injection mold cooling periods
wherein induced stress is compared to material yield stress.

FIG. 7 is a flow diagram depicting a preferred embodi-
ment of the optimal injection molding cycle time prediction
method of the invention.

DETAILED DESCRIPTION OF THE
INVENTION

FIGS. 1 and 2 illustrate a conventional injection mold 10
engaged in injection molding of a plastic part 12. FIG. 1
depicts the position of mold 10 in a material injection phase
of the injection molding process, whereas FIG. 2 depicts the
position of mold 10 in a part ejection phase of the process.

The injection molding of plastic part 12 is a complex
manufacturing process in which a polymer melt 14 flows
into a cavity 16 of mold 10 formed by a pair of mated mold
components 18, 20. In mold cavity 16, polymer melt 14 is
transformed from liquid phase to solid phase and finally
takes the shape of mold cavity 16. Due to shrinkage, plastic
part 12 generally tends to deform inward toward one mold
component 18 constituting a core of mold 10. Such shrink-
age creates friction forces between the plastic part and core
mold component 18 when the plastic part is ejected from the
mold. Furthermore, since the friction force increases as part
12 cools down, large ejection forces are needed to remove
the part from core mold component 18. Therefore, an
arrangement of ejector pins 22, as depicted schematically in
FIG. 2, is provided to overcome the friction and push plastic
part 12 out of mold 10.

Surface defects or other types of permanent deformation
caused by ejection occur generally in the pin push areas in
the form of visible surface marks or extremely deformed
areas. Such deformation can be explained by the fact that
high stresses, induced in the pin push areas as pins 22 “hit”
molded part 12, exceed the material yield stress. Therefore,
the ejected part exhibits a post yield behavior. The direct
cause for the generation of high stresses is the ejection force
employed during the ejection phase to overcome the friction
force between core mold component 18 and part 12.

The approach taken by the present invention is to evaluate
the ejection force at different cooling times. In order to cover
the potential cycle time window, the ejection force is cal-
culated over a wide range of time until molded part 12
attains the completely cooled state. The ejection force is
shown to be directly related to the friction force between part
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4

12 and core component 18 of mold 10 which, in turn,
depends on the part shrinkage, the coefficient of friction, and
the elastic modulus of the polymer.

FIG. 3 illustrates the relationship of the various forces
involved during the ejection phase of the process. Assuming
a draft angle o, the ejection force can be expressed as a
function of the friction and normal forces based on the force
equilibrium principle by neglecting the ejection inertia,

F cos a+F,,,ma SID O

(Eq. 1)

ejection=F fricrion

where Fp,.,;, denotes the friction force and F,,,,,,; repre-
sents the normal force mainly caused by part shrinkage.
The shrinkage at ejection can be calculated as,

SL=aL(Tg_Tej(t))_Yﬁeﬁ(t)

where

0y is the thermal expansion coefficient, T, is the transition
temperature

T, is the temperature at ejection and y is a coefficient
obtained from PVT constants, which represents the

compressibility of the polymer.
Do)

is the effective pressure defined as:
B 1 [h2 1 pan
Py (D) = %f pl@)dz+ ﬁf plz(tdz
z(t) —hf2

where z(t) is the position of the liquid-solid interface based
on the transition is temperature.

Since the draft angle is usually very small (less than a few
degrees), the ejection force is mainly employed to overcome
the friction force. Therefore, it is assumed that the ejection
force is equal to the friction force which is proportional to
the normal force,

F giection=F priction=—E normat (Eq. 2)

where the normal force F,,,,,..; is a function of material
thermal behavior and the amount of shrinkage induced
during cooling.

Once the ejection force is obtained, the areas subject to
high stress occurrence are selected. These areas are gener-
ally located in pin push areas or areas which represent some
structural weakness such as grids, thin sections, etc., and are
approximated with simple geometrics such as discs, beams
with edges supported, etc. Using the basic stress-strain
formula, the induced stress can be calculated in such arcas.
As the modulus of the polymer increases while the part
undergoes rapid cooling, a temperature dependent modulus
is used to represent the part stiffness variation. undergoes
rapid cooling, a temperature dependent modulus is used to
represent the part stiffness variation.

Since most of material properties and processing condi-
tions are temperature/time dependent, thermal analysis is
required to predict the cooling behavior of the polymer and
further relate the part temperature profile to the cooling time.

In order to detect occurrence of the permanent
deformation, the material yield stress beyond which perma-
nent deformation would take place needs to be defined. In a
preferred embodiment of the invention, tensile stress-strain
curves are employed to derive the yield stress as a function
of temperature. FIGS. 4 to 6 show three possible situations
for plastic part 12 shown in FIGS. 1-3 when the induced
(actual) stress is compared to the material yield stress. In
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FIG. 4, the induced stress curve is shown to intercept the
yield stress curve twice, which provides an upper limit U
and lower limit L of the cycle time. As a result, an optimal
cycle time window can be determined; i.e., if the part is
ejected within such a window, the part is free of permanent
deformation. In FIG. 5, as the thickness of the hardened
layer increases, the induced stress is shown to decrease and,
after reaching a minimum value, the induced stress remains
lower than the yield stress as cooling continues. A lower
limit L of the cycle time is thus established and part 12 can
therefore be ejected any time after the lower limit. In FIG.
6, the induced stress is shown to be higher than the yield
stress for the entire cooling cycle, so that no optimal cycle
time exists; i.e., part 12 will fail at ejection regardless of the
cycle time chosen. Another possible scenario is that the
ejector pins will not be able to push part 12 out of the mold
even when the maximum ejection force is reached.

FIG. 7 is a flow diagram which summarizes the main
calculation steps needed to calculate the friction force and
induced stresses in selected areas described previously. At
step 26, a thermal analysis is performed, using numerical
schemes such as finite difference analysis, through a thick-
ness of a part made using injection mold 10 shown in FIGS.
1 and 2. This analysis results in a determination of how
rapidly the part is cooling. At step 28, shrinkage is calculated
as a function of cooling time with transient material prop-
erties. At step 30, friction and ejection forces are calculated
based on the coefficient of friction and shrinkage amount
obtained at step 28. At step 32, high stress areas are selected
in the part, such as pin push areas, and the induced stresses
in such areas are calculated. These steps are repeated at
different cooling times as represented by the return path 34
from step 32 to step 26. Once these calculations are com-
pleted at the different cooling times, the induced (or actual)
stress is compared with material yield stress to determine an
optimal cycle time window during which the part can be
ejected without being damaged.

While only certain preferred features of the invention
have been illustrated and described, many modifications and
changes will occur to those skilled in the art. It is, therefore,
to be understood that the appended claims are intended to
cover all such modifications and changes as fall within the
true spirit of the invention.

What is claimed is:

1. A method of determining when to remove a part made
of material that has been injection molded, from its mold,
comprising the steps of:

ascertaining shrinkage of the part as a function of cooling

time;

calculating ejection forces on the part based on the

coefficient of friction between the part and the mold and
the earlier ascertained shrinkage;

calculating induced stress in selected high stress areas on

the part; and
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comparing the induced stress with the material yield stress
to determine an optimum cycle time window within
which the part can be ejected without damage.

2. The method of claim 1 in which the selected high stress

areas are stressed by ejector pins in the mold.

3. The method of claim 1 in which the optimal cycle time
window includes upper and lower limits between which the
part can be ejected without being damaged.

4. The method of claim 1 in which the optimal cycle time
window includes a lower limit after which the part can be
ejected without being damaged.

5. Amethod of predicting optimal injection molding cycle
time, comprising the steps of:

a) performing a thermal analysis through a thickness of a
part made of material molded in an injection mold to
ascertain how rapidly the part is cooling in the mold;

b) calculating shrinkage of the part as a function of
cooling time;

¢) calculating friction forces between the part and the
mold;

d) calculating ejection forces on the part based on the
coefficient of friction and the earlier calculated shrink-
age;

¢) calculating induced stress on selected high stress areas
in the part; and

f) comparing the induced stress with the material yield
stress to determine an optimal cycle time window
within which the part can be ejected without being
damaged.

6. The method of claim 5 in which steps (a) through (¢)

are repeated several times for different cooling times.

7. The method of claim 5 in which the selected high stress
areas are stressed by ejector pins in the mold.

8. The method of claim 5 in which the optimal cycle time
window includes upper and lower limits between which the
part can be ejected without being damaged.

9. The method of claim 5 in which the optimal cycle time
window includes a lower limit after which the part can be
ejected without being damaged.

10. The method of claim 6 in which the selected high
stress areas are stressed by ejector pin in the mold.

11. The method of claim 6 in which the optimal cycle time
window includes upper and lower limits between which the
part can be ejected without being damaged.

12. The method of claim 6 in which the optimal cycle time
window includes a lower limit after which the part can be
ejected without being damaged.

13. The method of claim 7 in which the optimal cycle time
window includes upper and lower limits between which the
part can be ejected without being damaged.

14. The method of claim 7 in which the optimal cycle time
window includes a lower limit after which the part can be
ejected without being damaged.

#* #* #* #* #*
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